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Three d i f f e r e n t  ways of  using t h e  space s h u t t l e  
o r b i t e r  abor t  p rope l l an t  t o  increase t h e  he igh t  of t h e  park- 
ing,  or  space tug departure ,  o r b i t  on an e a s t e r l y  mission t o  
synchronous o r b i t  w e r e  invest igated.  
on a combined weight of tug and payload o f  65000 l b  and a f ixed  
tug  p rope l l an t  f r a c t i o n .  A n  increase i n  payload of 600 l b  
above the payload of about 6800 l b  obta inable  with no on o r b i t  
p rope l l an t  u t i l i z a t i o n  i s  r ea l i zed  when t h e  on o r b i t  p rope l l an t  
is used t o  go i n t o  an intermediate 166 nm a l t i t u d e  c i r c u l a r  
o r b i t .  Going i n t o  an intermediate  1 0 0  x 231 nm e l l i p t i c a l  o r b i t  
provides a 1000 l b  increase  i n  payload. Deorbiting from apogee 
of an e l l i p t i c a l  parking o r b i t  b r ings  t h e  to ta l  payload inc rease  
t o  3000 l b  o r  a n e t  increase  of 4 4 %  above t h e  6800 l b  payload 
r e a l i z e d  by no t  u t i l i z i n g  t h e  on o r b i t  p rope l lan t .  

Calcu la t ions  w e r e  based 
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INTRODUCTION 

On a 28.5 degree i n c l i n a t i o n  e a s t e r l y  mission t o  a 
100  x 100 nm o r b i t  with 65,000 l b  payload, t h e  orbi ter  of t he  
f u l l y  reusable  two-stage s h u t t l e  has an on o r b i t  AV c a p a b i l i t y  
of about 900 f t / s e c  of which 500 f t / s e c  is  needed f o r  deo rb i t i ng  
from t h e  1 0 0  nm c i r c u l a r  parking o r b i t  w h i l e  the rest is a 
r e se rve  f o r  abor t  during ascent. Once t h e  o r b i t e r  has reached 
t h e  parking o r b i t ,  t he  abor t  p rope l lan t  i s  no t  needed and may 
be used f o r  o t h e r  purposes. For ins tance ,  i f  t h e  s h u t t l e  pay- 
load w e r e  t o  be a tug  t h a t  goes t o  a synchronous o r b i t ,  t h e  
a b o r t  p rope l l an t  could be used t o  raise t h e  he igh t  of t h e  
o r b i t e r  parking o r b i t  and thereby inc rease  t h e  tug  payload. 
Three methods t o  implement t h i s  idea  t h a t  have been analyzed 
w i l l  be described i n  more d e t a i l .  

MISSION MODES AND THEIR CHARACTERISTICS 

The t h r e e  d i f f e r e n t  modes t h a t  w e r e  considered are 
shown schematically on Figure 1, 2, and 3. For c l a r i t y ,  
depar ture  and a r r i v a l  o r b i t s  a r e  kept  separa te .  
intermediate  c i r c u l a r  o r b i t  is  discussed f i r s t .  

Going i n t o  an 

The upper p a r t  of Figure 1 represents  t h e  departure .  
The s h u t t l e  o r b i t e r  with t h e  tug as payload is  i n i t i a l l y  i n  a 
100  nm c i r c u l a r  o r b i t  and it is  represented by a heavy circle 
i n  t h e  f igu re .  P a r t  of the  on-orblit p rope l l an t  i s  used t o  
b r ing  them i n t o  an intermediate  circular o r b i t  by making a 
Hohman t r a n s f e r  with AV1 and AVZ. 

o r b i t  while the t ug  is brought t o  a synchronous o r b i t  with an 
a d d i t i o n a l  Hohman t r a n s f e r  including plane change represented 

The o r b i t e r  remains i n  t h i s  



by AV3 and AV4 & V 4  n o t  shown on Figure 1). 
the  synchronous o r b i t  i s  shown on t h e  lower p a r t  of Figure 1. 
The empty tug  goes back t o  the in te rmedia te  C i rcu la r  o rb i t  by 
means of a Hohman t r a n s f e r  and plane change represented by 
h V 5  (no t  shown) and AV6. 

the  t u g  and the  o r b i t e r  together are brought t o  the o r i g i n a l  
100 nm parking o r b i t  by making a Hohman t r a n s f e r  AV7 and AV8 

using some more o r b i t e r  on o rb i t  p ropel lan t .  
crrbiter with the  tug deorb i t s ,  AV9, using t h e  remaining on 
o rb i t  propel lan t .  

The r e t u r n  from 

After j o in ing  t h e  s h u t t l e  orbi ter  

F ina l ly  the 

By going i n t o  an intermediate  c i r c u l a r  o r b i t ,  an 
a d d i t i o n a l  AV over t h a t  required t o  go d i r e c t l y  t o  synchronous 
o r b i t  is required.  
loss. A detailed t reatment  of t h e  AV l o s s  r e s u l t i n g  from 
intermediate  c i r c u l a r  parking o r b i t  is given i n  Appendix 1. 
The r e s u l t s  are given on Figure 4 .  AV losses are p l o t t e d  vs 
the a l t i t u d e  of the intermediate c i r c u l a r  o rb i t .  Several  
f i n a l  o rb i t s  lower than synchronous a l t i t u d e  are a l s o  p l o t t e d  
on t h i s  graph. I f  the f i n a l  o r b i t  has an a l t i tude below 1500 
nm,the losses caused by going i n t o  an intermediate  c i r c u l a r  
o r b i t  become i n s i g n i f i c a n t .  
for  in s t ance  i n t o  a synchronous orb i t ,  t h e  l o s s e s  caused by 
using an - in t e rmed ia t e  circular orb i t  are q u i t e  s u b s t a n t i a l .  
For example 1 2 0  ft/sec is lost by using a 200 nm a l t i t u d e  
in te rmedia te  c i r c u l a r  orbi t ,and almost 250 ft/sec is  l o s t  when t h e  
in te rmedia te  o r b i t  is a t  300 nm. Sigh a l t i t u d e  intermediate  
orhits m q  cause losses of as much as 2000 f t / s e c .  

T h i s  may be considered t o  be a penal ty  o r  

When going i n t o  a high o r b i t ,  

The second mode considers going i n t o  an intermediate  
e l l i p t i c a l  o r b i t  as represented on Figure 2 .  The depar lure  
is  again given on t h e  upper p a r t  of t h e  f igu re .  
both orbiter and tug  are together  on a 1 0 0  nm c i r c u l a r  o r b i t  
(heavy l i n e ) .  The o r b i t e r  then uses  p a r t  of t h e  on o r b i t  pro- 
p e l l a n t  t o  b r ing  both vehic les  i n t o  an in te rmedia te  e l l i p t i c a l  
o r b i t ,  AV1. While the orbiter remains i n  t h i s  e l l i p t i c a l  park- 
i ng  o r b i t  the  tug, having made one revolu t ion ,  s t a r t s  a t  p e r i a p s i s  
a Hohman t r a n s f e r  and a p lane  change t o  go i n t o  synchronous o r b i t  
AV2 and AV3 (AV3 no t  shown on Figure 2 ) .  When t h e  empty tug  
r e t u r n s  from synchronous orbi t  by a Hohman t r a n s f e r  and a plane 
change AV4 and AV5 (AV4 no t  shown), it j o i n s  t he  o r b i t e r  on t h e  
in te rmedia te  e l l i p t i c a l  .orbit. Using some a d d i t i o n a l  on o r b i t  
p rope l l an t ,  the orbi ter  e f f e c t s  a c i r c u l a r i z a t i o n  maneuver a t  

I n i t i a l l y  

* 
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p e r i a p s i s  AV6 which b r i n g s  t h e  t w o  veh ic l e s  i n t o  a 100 nm 
c i r c u l a r  parking o r b i t  from which they are then deboosted 
AV, t o  an e n t r y  condition. 

The use of an e l l i p t i c a l  o r b i t  a s  an in te rmedia te  
o r b i t  introduces no loss because the veh ic l e  r e t u r n s  t o  t h e  
same per igee  from which the  f i r s t  p a r t  of  t h e  Hohman t r a n s f e r  
w a s  executed. Consequently AV expended to  go i n t o  an 
in te rmedia te  e l l i p t i c a l  o r b i t  is subtracted f r o m  t h e  AV of 
t h e  subsequent Hohman t r a n s f e r  t o  synchronous o rb i t .  

Reference i s  now made t o  Figure 3 showing a t h i r d  
mode. This mode is similar t o  mode 2 except t h a t ,  a f t e r  t h e  
tug  r e t u r n s  from synchronous o r b i t  and j o i n s  w i t h  t h e  o rb i te r  
i n  the intermediate  e l l i p t i c a l  o r b i t ,  t he  o r b i t e r  and tug  
toge ther  do no t  t r a n s f e r  i n t o  t h e  1 0 0  nm parking o r b i t  b u t  
rather deboost i n t o  the atmosphere from t h e  apogee of t h e  
in te rmedia te  o rb i t .  Deboosting from t h a t  p o i n t  r e s u l t s  i n  
cons iderable  o r b i t e r  AV savings which permit a l a r g e r  i n t e r -  
mediate o r b i t  and consequently l o w e r  t ug  AV and a t t e n d a n t  
increased payload. 

Appendix 2 describes t h e  AV savings r e s u l t i n g  from 
deboosting from apogee of an e l l i p t i c a l  parking o r b i t  i n  more 
de t a i l .  The r e s u l t s  are based on deorb i t i ng  from apogee of 
an e l l i p t i c a l  o r b i t  having a 100 nm per igee  a l t i t u d e .  I n  a l l  
i n s t ances  the deorb i t i ng  t r a j e c t o r i e s  are selected i n  such a 
manner t h a t  t h e  veh ic l e  w i l l  enter t h e  a t m s p h e r e  a t  400 ,000 
f t  w i t h  a f l i q h t  path angle of 1.5 degrees.  T h i s  f l i g h t  pa th  
angle  w a s  selected t o  be t h e  same as would be obtained from 
e n t e r i n g  f r o m  a 100 nm c i r c u l a r  o r b i t  with a 500 ft/sec de- 
boos t  AV. Figure 5 shows t h e  d e o r b i t  AV versus apogee a l t i t u d e .  
The curve starts a t  an apogee a l t i t u d e  of 100  nm corresponding 
t o  a 100 mm c i r c u l a r  o r b i t  and extends a L l  t h e  way past  synchro- 
nous a l t i t u d e .  The remarkable r e s u l t  o f  t h i s  curve i s  tha t  
t h e  deboost AV t h a t  is  500 f t / s e c  f o r  t he  1 0 0  nm c i r c u l a r  o r b i t  
decreases t o  240 ft/sec, or less than one half ,  when deboosting 
from t h e  apogee of a 100  x 150 nm o rb i t ,  and less than 80 for  
a 100 x 1000 nm orbi t .  The advantage of  t h i s  lower deboost 
AV is  o f f s e t  by a higher en t ry  ve loc i ty .  A corresponding p l o t  
of  e n t r y  ve loc i ty  versus  apogee a l t i t u d e  is shown on Figure 6. 
For apogee AV a l t i t u d e s  below 1000 nm t h e  increase  i n  e n t r y  
v e l o c i t y  is r e l a t i v e l y  s m a l l .  
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For a f u r t h e r  comparison, Figure 7 is  presented on 
which t h e  AV requi red  t o  go i n t o  an intermediate e l l i p t i c a l  
o r b i t  i s  added t o  the AV required t o  deorb i t .  The sum of 
the t w o  A V ' s  is equal  t o  500 f t / s ec  f o r  an apogee a l t i t u d e  
of 1 0 0  nm (corresponding t o  the  100 nm c i r c u l a r  o r b i t ) .  
As t h e  apogee is  increased,  the  add i t iona l  expendi ture  t o  
go t o  an e l l i p t i c a l  o r b i t  is i n i t i a l l y  smaller  than the 
saving obtained by deorb i t i ng  from a higher  a l t i t u d e  and 
t h e r e f o r e  t h e  t o t a l  AV is  smaller. I t  reaches a minimum 
f o r  an a l t i t u d e  of  about 160 nm a t  which point t h e  to ta l  i s  
about 340 ft/sec. I f  t h e  apogee a l t i t u d e  is f u r t h e r  increased,  
the AV t o  get i n t o  the  intermediate  e l lQp t i ca1  o r b i t  i nc reases  
faster than t h e  AV t o  later deboost is  decreased, and there 
is  a n e t  i nc rease  i n  the  t o t a l  AV. 
500 ft/sec a t  an apogee a l t i t u d e  of about 315 nm. 

r e t u r n  of a tug  and orbiter together,  it i s  expected t h a t  t h e  
s h u t t l e  o r b i t e r  i t s e l f  could save AV by deboosting from the  
apogee of an e l l i p t i c a l  parking o rb i t .  
ANALYSIS 

It again reaches about 

Although the above r e s u l t s  w e r e  computed f o r  t h e  

The one way payload t o  synchronous o r b i t  was computed 
for  the three modes j u s t  described and compared t o  t h e  payload 
obta inable  i n  the case where t h e  on o r b i t  p rope l l an t  is n o t  
u t i l i z e d .  The c a l c u l a t i o n s  a re  based on t h e  formulae der ived 
i n  Appendix 3 "Reusable Tug - One Way Payload t o  a Higher 
O r b i t  f o r  Given Tota l  I n i t i a l  Wei3hk." The f e l l w i n g  assump- 
t i o n s  apply: ~ 

1. Orb i t e r :  Burnout weight 329172 l b  

On O r b i t  Propel lant  19084 l b  

2. Tug: 

I 
SP 

458 sec 

Tota l  Weight Including Payload 65000 l b  

Empty Weight t o  vary 
i n  such a manner t h a t  
p rope l l an t  f r a c t i o n  
h = 0.88 i n  each case. 

I 
SP 

460 sec 

3. Departure from a 100 nm e a s t e r l y  o r b i t  (28.5 deg 
i n c l i n a t i o n )  t o  a synchronous e q u a t o r i a l  o rb i t .  

4 .  Plane change t o  equa to r i a l  o r b i t  is  executed a t  
apogee of l a r g e  Hohman t r a n s f e r .  

1 



- 5 -  

5. Gravity l o s s  of 60 f t / s e c  f o r  tug* and 1 0 %  of  
burn f o r  on o r b i t  p rope l lan t  u t i l i z a t i o n .  

6. O r b i t e r  e n t e r s  atmosphere a t  400,000 f t  a l t i t u d e  
a t  a f l i g h t  path angle of  1 .5  degrees,  

The r e s u l t s  are shown on t h e  Table below. 

One Way Payload t o  
Synchronous Orb i t  

Empty Tug Weight 
( A  = 0.88) 

Intermediate  Orb i t  
S i z e  nm 

One Way AV to be 
Delivered by Tug 

N o  Onboard 
Propel lan t  
U t i l i z a t i o n  

6778 

6987 

D.N.A 

14163 

Intermediate 
Circular  
Orbi t  

7375 

6917 

1 6 6  c i rc  

14021 

Intermediate  
E l l i p t i c a l  

Orb i t  

7764 

6869 

1 0 0  x 231 

13929 

Intermediate  
E l l i p t i c a l  
O r b i t  With 

Deboos t From 
Apogee 

9787 

6628 

100  x 530 

13440 

When no onboard propel lan t  is  u t i l i z e d ,  t h e  payload 
i s  almost 6800 l b  ( f i r s t  column of Table 1). 
i nc reases  t o  almost 7400 l b  when t h e  o r b i t e r  on o r b i t  p rope l l an t  
i s  u t i l i z e d  to  br ing  t h e  o r b i t e r  and t h e  tug  t o  an in te rmedia te  
c i rcular  o r b i t  of 1 6 6  nm. 
o r b i t  p rope l l an t  decreases t h e  one way AV t o  be de l ivered  by 
t h e  tug  by about 1 4 0  ft/sec. (see bottom row of Table 1). 

This payload 

This u t i l i z a t i o n  of  t h e  o r b i t e r  on 

. A s  mentioned e a r l i e r  going i n t o  an intermediate  
c i r c u l a r  o r b i t  r equ i r e s  a g rea t e r  AV than when t h e  in t e rmed ia t e  
o r b i t  is e l l i p t i c a l .  Column 3 shows t h e  r e s u l t  of t h i s  calcu- 
l a t i o n .  T h e  one way payload is  almost 7800 l b ,  an increase  of  
about 400 l b  over t h e  case of an  intermediate  c i r c u l a r  o r b i t ,  

*"Fini te-Thrust  Transfers  t o  Synchronous Orb i t  and Trans- 
lunar  I n j e c t i o n , "  A. L, Schreiber,  Be l l comm Memorandum f o r  F i l e ,  
September 4 ,  1968. 
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and it is brought about by savings i n  one way AV of about 1 0 0  
ft/sec. The intermediate  e l l i p t i c a l  o r b i t  is  100  x 231 nm. 

The r e s u l t s  of deboosting t h e  o r b i t e r  and tug  
toge ther  from apogee of t h e  intermediate  o r b i t  is  given on 
column 4 .  A f u r t h e r  ga in  i n  payload of 2000 l b  i s  realized, 
r e s u l t i n g  i n  a to ta l  payload of almost 9800 l b  o r  an inc rease  
of 4 4 %  from t h e  o r i g i n a l  value of 6800 l b .  The savings i n  de- 
boost AV permit increas ing  the s i z e  of  t he  in te rmedia te  e l l i p -  
t i ca l  o r b i t  of 100  x 530 nm and t h e  a d d i t i o n a l  savings i n  
requi red  one way tug  AV from the previous case is 490 f t / s e c .  
T h i s  l a r g e  add i t iona l  saving r e s u l t s  p a r t l y  because less AV 
is requi red  t o  deboost,  and p a r t l y  because no AV i s  expended 
t o  r e t u r n  f r o m  the intermediate  o r b i t  t o  t h e  parking o r b i t .  

lOll-JJS-a]] 



APPENDIX 1 

AV-LOSS FOR INTERMEDIATE CIRCULAR PARKING ORBIT 

Given a spacec ra f t  i n  a c i r c u l a r  parking o r b i t  of 
r ad ius  R1 t h a t  goes i n t o  a larger coplanar c i r c u l a r  o r b i t  of 
r ad ius  R3, t h e  AV losses incurred by going f i r s t  i n t o  an 
intermediate  c i r c u l a r  o r b i t  of  rad ius  R2 a r e  computed. 
following nomenclature w a s  used: 

The 

R Radius ( f t )  

Velocity a t  aporps is  of an e l l i p s e  having p e r i a p s i s  
r ad ius  Ri and apoapsis r ad ius  R 

C i rcu la r  v e l o c i t y  at r ad ius  Ri (ft/sec) 

(ft/sec) j i, j 

i 

va 

vc 

V Velocity a t  pe r i aps i s  of an e l l i p s e  having p e r i a p s i s  
P i ,  j r ad ius  Ri and apoapsis r ad ius  R (ft/sec) j 

3 2 u Grav i t a t iona l  constant  (ft /sec ) 

'vi- j AV expenditure t o  go from a circular  o r b i t  of 
rad ius  Ri t o  a larger c i r c u l a r  o r b i t  of r ad ius  R j - 
w i t h  a Hohman t r ans fe r .  

Subscr ip ts  (refer t o )  

1 Smallest  parking o r b i t .  

2 Intermediate o r b i t .  

3 Large o r b i t .  

The AV requirement fo r  a Hohman t r a n s f e r  from a 
c i r c u l a r  o r b i t  of  r ad ius  R1 t o  a r ad ius  R2 is 



R3 

1- 2 

I n  a similar manner t o  go from r a d i u s  R2 t o  r ad ius  

- - - 
"2 - 3 '"2 3 

and from r a d i u s  R1 d i r e c t l y  

= (v  - 
p 1 f 3  "1-3 

t o  r ad ius  R3 

1 v + (VC - va 
1 , 3  3 c1 

( 3 )  

Therefore t h e  a c t u a l  loss incurred by going t o  an ' i n t e rmed ia t e  
parking o r b i t  i s  

or by s u b s t i t u t i n g  (11, ( 2 1 ,  and (3)  i n  ( 4 )  and s implifying 

(5) 
1 , 3  + 'a - v  

2,3 p1,3 - 'a + v  
1 , 2  '2,3 - 'a p1,2 

A = V  

For an e l l i p s e  with a per iaps is  r ad ius  Ri and an apoapsis 
r ad ius  R t h e  ve loc i ty  a t  pe r i aps i s  is 

j 

and t h e  ve loc i ty  a t  apoapsis 

and s u b s t i t u t i n g  t h e  appropriate  expression's i n  (5) 

A =d( R1 2 p  + R I($) 



1-3 

The quantity, A ,  the AV loss due to going to an intermediate 
circular orbit, is plotted on Figure 4 vs the altitude of the 
intermediate orbit for various final orbit altitudes as para- 
meter. The curves are plotted on log-log paper starting 
vertically at a AV value of 10 ft/sec and an altitude of 100 
nm. The plot assumes the lower altitude to be always 100 nm. 
For a final altitudebelow 1500 nm, the AV loss for 
going into a lower intermediate altitude becomes negligible. 



APPENDIX 2 

Deorbit  AV from Apoapsis of an E l l i p t i c a l  Parking Orbi t  

The following nomenclature was used: 

R Radius ( f t )  

V Velocity ( f t / s e c )  

Y F l i g h t  path angle (degree) 

1.( Grav i t a t iona l  constant ( f t  /sec ) 
3 2 

Velocity impulse required t o  d e o r b i t  from 
"deorbit apoapsis (ft/sec) 

"e Velocity impulse required t o  go i n t o  an e l l i p s e  ( f t / s e c )  

T o t a l  AV t o  go i n t o  an e l l i p t i c a l  o r b i t  and d e o r b i t  
from apogee ( f t / sec)  

Subscr ip ts  r e f e r  to: 

AVt 

Apoapsis 

c i r c u  1 a r  

Entry Condition 

pe r  i aps is 

On an e l l i p s e  having E and Q 2s periapsis and P ----- "a 
apoapsis r a d i i  respec t ive ly ,  t h e  apoapsis ve loc i ty  is 

For deo rb i t i ng  from t h i s  e l l i p s e  and en te r ing  t h e  
atmosphere a t  a given rad ius  and f l i g h t  path angle ,  a 
s l i g h t l y  d i f f e r e n t  ve loc i ty  a t  apoapsis i s  required.  
Val  be t h i s . v e l o c i t y ;  then 

L e t  

"deorbit = v, - Val  ( 2 )  

The deorb i t i ng  vehicle follows an e l l i p s e  having 
an apaapsir r ad ius  Ra, an unknown apoapsis ve loc i ty  V a l n  
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and 

f r o m  ( 4 )  

an en t ry  r ad ius  ret  an en t ry  f l i g h t  pa th  angle  y e  and an 
unknown e n t r y  v e l o c i t y  Veo 

momentum a t  apoapsis and en t ry  r ad ius  provides 
Equating both energy and angular  

Ra Val  = Re Ve Cosye 

'a I =(a v e cosy ,  

which s u b s t i t u t e d  i n  (3 )  provides 

and 

I t  follows t h a t  t h e  deorb i t ing  AV is 

( 4 )  

AVdeorbit  
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AV d e o r b i t  is  p l o t t e d  versus  apogee a l t i t u d e  on 
Figure 5. Per igee a l t i t u d e  is 1 0 0  nm i n  a l l  cases. Entry 
a l t i t u d e  is 400 ,000  f t  a t  a f l i g h t  path angle  of 1 .5  
degrees.  For a c i r c u l a r  o r b i t  of 1 0 0  nm, t h e  d e o r b i t  AV 
is 500 f t / s e c .  Going i n t o  an e l l i p s e ,  t h i s  va lue  decreases 
r a p i d l y  w i t h  i nc reas ing  apogee a l t i t u d e .  I t  i s  less than  
h a l f  the  c i r c u l a r  o r b i t  value a t  an apogee a l t i t u d e  of 1 5 0  nm, 
and less than 1 0 0  ft/sec a t  an apogee a l t i t u d e  of 1 0 0 0  nm. 

For a cons t an t  f l i g h t  path angle  and a l t i t u d e  a t  

A p l o t  of e n t r y  ve loc i ty  is  shown on Figure 6. 
t h e  e n t r y  po in t ,  t h e  e n t r y  ve loc i ty  inc reases  w i t h  apoapsis  
a l t i t u d e .  
A t  l o w  a l t i t u d e s  t h e  increase  i n  e n t r y  v e l o c i t y  is  r e l a t i v e l y  
modest . 

Now considered i s  t h e  case of a space vehicle t h a t  
is  i n i t i a l l y  i n  a 1 0 0  nm c i r c u l a r  parking o r b i t  and then  
i n j e c t e d  i n t o  an e l l i p t i c a l  parking o r b i t  and f i n a l l y  de- 
o r b i t e d  from apoapsis of t h i s  e l l i p s e .  
a t  p e r i a p s i s  and Vc t h e  i n i t i a l  c i r c u l a r  v e l o c i t y ;  t h e  AV 

requi red  t o  go i n t o  an e l l i p s e  of apoapsis r ad ius  Ra is  

L e t  V be t h e  v e l o c i t y  
P 

AVe = V P - vc ='(Rp2: RJ (:)-* 
and t h e  t o t a l  requirement t o  f i rs t  go i n t o  an e l l i p s e  and 
then  deorbi  t is  

Figure 7 shows a p l o t  of t h i s  sum versus  apogee 
a l t i t u d e  when depa r t ing  from a 100 nm a l t i t u d e  c i r c u l a r  
o rb i t  and e n t e r i n g  t h e  atmosphere a t  400 ,000  f t  w i t h  a 
f l i g h t  pa th  angle  of 1.5 degree. 

For t h e  extreme case of t h e  1 0 0  nm c i r c u l a r  o r b i t ,  
t h i s  sum equals  500 f t / s e c .  For inc reas ing  apogee r a d i u s  
the AV deorbit  i n i t i a l l y  decreases more r a p i d l y  then t h e  AV 
r equ i r ed  t o  go i n t o  an e l l ip t ica l  o r b i t  increases .  There- 
f o r e  AVt is less than 500 f t / s ec ,  and it reaches a minimum 
a t  an a l t i t u d e  of about 160 nm. 
a f t e r  and again reaches 500 ft/sec a t  an a l t i t u d e  of 315 nm. 
Two conclusions may be drawn f r o m  these curves:  

I t  inc reases  slowly there-  
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a. I f  a s l i g h t  increase i n  en t ry  ve loc i ty  is accept- 
able, it is  more economical t o  i n j e c t  a space- 
craf t  i n t o  a s l i g h t l y  e l l i p t i c a l  o r b i t  and d e o r b i t  
from apogee ins tead  of deo rb i t i ng  d i r e c t l y  from 
t h e  c i r c u l a r  o r b i t .  

b. I f  a vehic le  i s  i n  an e l l i p t i c a l  o r b i t ,  consider- 
ab le  savings may be real ized by deorb i t i ng  it 
d i r e c t l y  from apogee rather than f i r s t  going 
i n t o  a c i r c u l a r  o r b i t  and deorb i t i ng  from t h e  
c i rcular  o r b i t .  



APPENDIX 3 

Reusable Tuq - One Way Payload t o  a Higher Orb i t  
For Given Tota l  I n i t i a l  Tug Weight 

Given a space tug of given i n i t i a l  weight i n  e a r t h  
o r b i t ,  t h e  one way payload de l ivered  t o  a h igher  o r b i t  i s  
computed as a func t ion  of propel lan t  m a s s  f r a c t i o n  X I  s p e c i f i c  
impulse I ,and both t r a n s f e r  and r e t u r n  AV. The following 
nomenclature i s  used throughout: 

SP 

Vehicle weight r a t i o  requi red  f o r  Hohman 
t r a n s f e r  t o  higher  o r b i t  ( - )  

p1 

p2 

PL 

S 

Wt 
x 

Av2 

provides 

Vehicle weight r a t i o  required f o r  Hohman 
t r a n s f e r  t o  r e t u r n  t o  lower o r b i t  (-1 

Propel lant  requi red  t o  go t o  higher  
o r b i t  (Ib) 

Propel lant  required t o  r e t u r n  t o  lower 
o r b i t  ( l b )  

Payload t o  be brought t o  higher o r b i t  
i f  tug  re turns  empty ( l b )  

Weight of empty tug ( l b )  

T o t a l  i n i t i a l  weight of tug  ( l b )  

I n i t i a l  p rope l lan t  f r a c t i o n  of tug  ( -1  

Velocity increment requi red  f o r  Hohman 
t r a n s f e r  t o  higher  o r b i t  ( f t / s e c )  

Velocity increment requi red  f o r  Hohman 
t r a n s f e r  t o  lower o r b i t  ( f t / s e c )  

The weight r a t i o  for t h e  t r i p  t o  t h e  higher o r b i t  

s + P, + PL + P, 
L I 

s + P* + PL A =  

and f o r  the r e t u r n  t r i p  t o  the l o w  o r b i t  ( the payload remains 
i n  the higher  o r b i t ) :  

s + P2 
S B =  
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The propellant fraction A is by definition 

A =  p1 + p2 
P1 + P2 + s 

furthermore the total weight is 

Wt = P1 + P2 + s t PL 

( 3 )  

( 4 )  

These four equations (I), ( 2 )  , ( 3 )  , and ( 4 )  can be 
transformed appropriately to give the four unknown .quantities 
P1, P2, PL, and S. 

[h/(A-l)] + 1 - AB 
{[X/(A-l)] + 1 - B)A PL = wt 

(A-1) PL 
= IX/(l-A)] + 1 - AB 

P2 = S(B-1) 

P1 = (S + P2 + PL) (A-1 )  

A graphical representation of these equations is given on 
Figure 8 for the case of A = 0 . 8 8  and A = B. The four 
quintities P1/Wt, P2/Wt, S/W,, and PL/Wt p l o t t e d  vs A within 
range 2 to 2 . 6  which f u r  d i 
range of a one way AV of 10,000 to 15,000 ft/sec. 

= 460 sec correspwnds to a 
SP 
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FIGURE 4 - AV PENALTY FOR GOING TO A N  INTERMEDIATE CIRCULAR ORBIT 
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